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lNTERFERO!4ETRICfVhl.UATIONOF
IIIA?401W-TURI;EDMIRRORS FOR C()~LASER F11SI13N

James L. Flunroe

The Laser Fusion Program at the Los Alamos Scientific Labnrctor.yis clevcl

oping hlghenergy carbon-dioxide lasers fo!mI.hcdcmonslrntinn of sr.ientifi[.

feasibilityof laser fusion in the mici-1980’s. This effort, supported by the

Department of Energy, Office of Inertial Fusion, has the goal of providing

fusion energy for commercial power to help satisfy the nation’s future enerq~

requirements.

The short-pulse, high-energy C02 laser is a very promising candidate for

a fusion reactor systcm. It has a demonstrated efficiency in cxccss of

2 percent with a potential efficiency as high as 10 percent and, because it

uses a gaseous laser medium, it can be designed to op~’rateat thr nigh repct:-

tion rates ~equired fsr commercial power ger~mt]tion.

has been demonstrated to be effective in producing t

modest power levels.

There are presently two operational C02 laser-fu

“fhc10.6--um:~~vclengtll

Iermonuc?ear yield at

;ion systems at LASL; the

1-I:J Gemini system, and thu 10-kJ Helios sy%tem. Under construction and

scheduled for completion in mid-1994 is the 100-kJ Antares system. Significant ““”

thermonuclear yield is expected from Antares, but the major scientific and

technical milestones of ignition and scientific breakeven appear to be beyond

the capabilities of 100-kJ lasers. ,.

The choice of materials for operation at a wavelength of 10.6 Mm is lim-

ited. Laser fusion requires very short pulses, in the ord?r of one nano-

second. Materials used must have sufficiently high damage thrcshnlds. to

routinely withstand the resulting high instantaneous powt?rdensities. Early

in the laser train, before full amplification, one h~s a rel~tively wide

choice of materials. After amplification, ho~evcr, t}ie energy densities iind
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power dmities become sufflci~ntly high that the choice d matcri,]lsbecomes

sever~ly limited. The optics in the C02 laser< ~t IASL corl~istprcclnmicantly

of p~lycrystalline sodium-chloride windows and copper-pliitedmirrors. The

mirror substrates are aluminum or aluminum-bronze, a coprJrralloy.

The choice of these materials stems from many considerat~ons, including

cost, stability, strength, and damage resistance. The choice of plating copper

onto a substrak combines the virtues of very purt?copper with tiledimensional

stability characteristics of an alloy. For our smaller mirrors, which ?re

typically conventionally manufactured, the substrate choice is ali,minurnbronze.

Aluminum bronze, being approximately 90 percent copprr, has a thermal expan-

sion coefficient very close to that of the plated, pure copper. For our

larger mirrors, which are typically single-point diamond t.ut-ned(SPPT), the

substrate choice is aluminum alloy type 2124. For the larger mirrors, the

sheer weight of a much heavier bronze substrate would introdu(:cmore serious

complications than the small, residual bimetal effect between the aluminum

substrate and the plated copper. The Antares environment will be controlled

to +l°C, which effectively eliminates the bimetal effect.

Antares will contain in excess of 500 large copper-plated mi;rors, They

will be large in the sense of having characteristic dimensions in excess of

12 inches. None of these mirrors will be round but will have shapes which are

approximately trapezoidal. Also, there is little all~wance for edge roll;

thesu mirrors must maintain optical quality nearly out to thu edge. These

considerations are some of the reasons that the large Antares mirrors are being

fabricated by the relatively new technology of single-point diamond turning.

Single-point diamond turning has made enormous strides in the past few years

and is now capable of routinely producing components of more than sufficient

quality to result in diffraction-limfted system performance at the Antares

wavelength of 10.6 ~m. Surface figure is now typically between one to one-and-

one-half visible fringes peak-to-valley with surface finishes better than two

micro-inches peak-to-valley.

In single-point diamond turning, the part is literally cut on a lathe.

The mirror substrate is rotated about the axis of the lathe while a diamond

tool moves radially across its face. Any geometry which can be cut on a lathe

can be manufactured by single-point diamond turning.
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Obvtously, the characteristics of the parts manufact.uiwlby sinql~.-ljoint

diamond turtlingwill be very different than the comparable p,ir~sma~luf~~t.urcd

by an optician. The type of information that.one seeks during evnlll,~tionof

the parts must be based on the method of manufiicture. IlatfiI.hiit ctnnIlnusrd

to improve the process are the following:

Avera&Radial Profile—. .... — .——
The manufacturing process is radially symmetric. The orIlycontl-olthe

machinist has over the surface iigure is the motion of l.l~v(l;i;~olid tool

across the face of the rotating mirror blank. He has the iibilityto

introduce or remove optical power and spherical aberration of any required

order, terms which vary radially but not azirnuthally. Thtis,the best

piece of data that one can give to the machinist is the average radial

profile whereby any azimuthal variations have hcen averaged out,

Done correctly, average radial profile gives th~ machinist a direct

reading of the errors in the cutting process and can be [Iscdto directly

generate a correction tape. For this reason, the ivmragc radial profile

should be centered at the lathe axis so that it.accurntcly l“cprescntsthe

cutting geometry.

OpticalPower in Flats

Because the Antares mirrors are of copper plated onto an aluminum sub-

strate, there is a small sensitivity to temperature whereby the mirror

will’tend to bow spherically with temperature changes. The only way to

control this Is to control the ambient temperature ac both manufacture and

final application. The presence of optical power in a flat is frequently

an indication of a temperature-related problem and, if present, should be

flagged separr sly from the average radial profile.

Astigmatism

Astigmatism fn a diamond-turned part is usually an irv:icationof a

mounting problem in putting the mirror substrate onto ths lathe.
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Typically, the substrate is somewhat twisted by the mount dl”id the radially

symmetric mirror geometry is cut onto the twisted substr~te. Wren the

mirror is released from the holding fixture, it untwist!.and introduces

astigmatism into th~ mirror contour. Diamoncl-turnrdmirrors must be

watched carefully for the presence of astigmatism indicating mtiunting

problems.

Surface Finish—.— .
Surface finish is the fine groove-like structure thal i-~”rdsto give

mirrors the appewance or a very fine phonograph record.

proble.; tend to arise from vibrations being transmitted

diamond-turned

Surface finish

through the diamond tool and are frequently the result of beat patterns

from two dissimila;-frequencies in the environment. The surface finishes

of the Wtares diamond-turned mirrors are becoming sufficiently good that

they pose little problem for performance at the Antarcs wavelength of

10.6 ~m, but remain a concern for the alignment system which uses visible

light. Surface finish has been improving rapidly as the vibrational

sources are identified and eliminated.

Considerations for System Performance

After”the part is fabricated and accepted for installation into the system,

ft i~ no longer a question of “How do I make the ptirtbette.-’but rather k.hat

effect this part will have on system performance. To understand how the coiw

ponent affects system performance, it is necessary to briefly review the per-

formance req~jirementsof Antares and how these requirements are related to

component quality.

The performance requirements for Antares are in terms of encircled energy.

The complicated formof the Antares apertute, an annulus containing 12 quasi-

trapezoidal subapertures, makes any attempt at a rigorous soluLion a very for-

midable task. Fortunately, it can be shown that several simplifying assump-

tions and approximations can be used to achieve an engineering solution which

allows the encircled energy to be closely estimated.
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We find that window thickness variations result itlthr incoherent summa-

tion of the diffraction patterns from the individual sub,lpcrturc~. For pur-

poses of calculating encircled energy, the diffrdCti(J:: pill.t.crnnerd only be

calculated for one window and t!]eresult multlpl-cd IJ.Yl?.

Th~re are additional simplifications. We examine tho properties of a cir-

cular aperture having the same area as the quasi-trapezoidal segment. The

elrcle reduces the diffraction integral to a 6n~-dimensional int~grilland has

the additional advantage that the encircled energy clist.ri!~iltioncalculation is

also a one-dimensional integral.

when we calculate the encircled energies from these two apertures, we find -

that the true segment and the equi-area circle result in distributions within

a few percent of each other. Mavefront error from manufacturing will bring

these curves even closer together. Encircled energy is thus very insensitive

to azimuthal variations.

Given that we can accurately model the Antares geometry by an equivalent

circular aperture, we can proceed to approximate the effecls of component

manufacturing error. liefirst observe that each beam will enco,:ntcra large

number of optical components, some 20 surfaces in the power amplifier and

target chamber alone. With this many optical surfaces contributing,”the net

wavefrorlterror should not be expected to show any pronounced directional

preference. There is no basis for assuming a wavefront error other than cir-

cularly symlletric. A circularly symmetric wa’refrorterror mnd~l colilplements

the equivalent circular aperture nmdel.

Now we need to consider the radial variations in wavefront error. This is

“best done by thinking of the radial variations in terms of a Fourier decompo;f-

tion, radial sinusoids from the center of the aperture to the edge. Next we

divide the spatial frequency components into high-frequency terms and low-

frequency term5.

Looking first at the high spatial frequency terms, we examine each spatial

frequency separately. Each frequency defines a radial phase grating with the

image corresponding to the zero order. The remaining orders form an annular

rings of very low energy density which is effectively lost.
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Whiitwe observe when high frequency terms are pr[’srnl i$ t;latthe imy’

loses energy in a fashion which leaves thfirclat.ivrdi>t.fib::l:ionunchaliged.

lhe loss of energy fs indistinguishable from a rsflccticn loss. In fd~!.. 1}1.:t

there is a loss might only be established lJyvery uccuratc calorimetry. We

also observe that the energy lost is a function of the amplitude and is inde-

pendent ~f frequency. The frequency determines where th~ energy gnes,”tiu!.W?

are only concerned that it is gone.

This loss can be treated as an equivalent reflectance and plotted as a

function of the amplitude. For a more complicated high spatial frequency

error form, superposition would be used to combine the effective reflectance

for all the spatial frequency components.

The low spatial frequency errors represent what is normally referred to as

figure error. In the presence of figure error we observe a change in the rel-

ative energy distribution of the image. The peak intensity drops and energy

is transferred from the center toward the wings OF the pattern. The presence

of figure error does not result in a measurable loss of energy, only a

redistribution.

Using the same arguments that lead to the rotationally symnetric tissump-

tion, we can also claim that the probability of the error occurring anywhere

within the aperture is relatively uniform. That is, there is no reason to

assume that the dominant form of figure error will come from bui!dup of such

localized phenom?na as turned edges. ..

In looking for an an~lytical model which combines rotational symnetry with

an error form relatively evenly distributed across the aperture, we find that

balanced primary spherical aberration satisfies the requireizentsvery well.

In fact, it is probably somewhat pessimistic in that small mounts of balanced

spherical rapidly transfers energy far into the wings of the image. Balanced

primary spherical aberration is the combination of third-ordsr spherical

aberration with focus error of equal magnitude but opposite sign.

This model does not assume that each surface contributes figu-e error in

the form of balanced spherical aberraticm, but that for purposes of computing

encircled energy, the final wavefront error can be satisfactorily modeled this

way.
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The result of this model Is the relationship lmt.weenencircled mergy and

RMS wavefront error in the final wavefront. This can, in turn, bc related tg

the individual component qualities by setting t.hi:final 1{;4Swavefront error

equal to the root-sum-square of the individual component contributions.

To apply the results of this model to parts ~ctually measured, we find

that we are primarily concerned that there are not systemtiticerrors occurring

on sequential parts in each optical train. The presence of bystcinaticerrors

would require the algebraic summing of the individual errors rather than the

root-sum-squaring which is the basis of our model, The best exa::lplcof a sys-

tematic error would be astigmatism introduced by mounting stresses when the

part was cut on the machine. Given that the parts are cut correctly and that

the errors are due to random factors, that is the errors are ditfcrent in form

on each part, the following pieces of data can be relatsd to final system

performance.

The RMS Wavefront Error Contribution——
Within the accuracy of the model, this should be sufficient to calculate

..
the resulting encircled energy distribution. The individual IUS wavefront

error contributions along e?-k nntical train can be mot-sum-squared to obtain

the final RMS wavefront er .,1the exiting wavefront. Through our model, it

can directly give the resulting encircled energy distribution. It can also be

Lsed to calculate the resulting Strehl ratio in the image hu~ this value is of

lesser importance for laser fusion. In principle the RMS wavefront error con-

tains ..most all of th- required information.

Aberration Coefficients, Low Spatial Frequency—.
The low spatial frequency aberration coefficients correspond to figure

error and are useful as a check on the validity of the model. The RilSwave-

front error was a measure of how much energy is transferred into the wings

whereas the low spatial frequency aberration coefficients describe where they

went. Although laser fusion is principally concerned with encircled energy,

Information on the azimuthal distribution provide; insight into what t:indsof

errors are present. The low spatial frequency aberration coefficients provide

information on the azimuthal distribution.
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Aberration Coefficients, t4ediumSpatial I-rcquency—..- -.-.-— . .— —------ . -—

..

The medium spatial frequency aberration m?fficients redistribute energy

far into the wings; so far, in fact, that they tireeffnct,vcly no longer part

of the image. The medium spatial frequency fibevation coefficients redistrib-

ute the energy c’.’ersuch large areas that the resulting energy cfensitlesarc

Infinitesimally small and the energy is effectively lost. The medium spat~al

frequency aberration coefficients can be equated to an equivalent reflectance

loss with the important difference that this reflection loss does not corre-

spond to an absorption increase and does ~(J~ affect the damaga threshold.

Surfcce Finish—.. —
The surface finish is the very high spatial frequency detail comparable to

the gwwwes in a record. Th~ effects of surfacs finish on 10-micron perform-

ance is not calculable with scalar diffraction theory since the period is less

than the wavelength of the 10-micron light. The surface finish amplitude, in

terms of the 10+nicron wavelength, has a negligible effect on 10--micr~ll per-

formance. Surface finish is of more importance for a visible alignment scheme

where it again corresponds to an effective reflectance loss.

Conclusion

In conclusion; we have seen thdt single-point diamond-turned optics exhibit

different characteristics than conventionally manufactured optics and the type

cf information required trythe machinist is quite different ~4an the informa-

tion that would be required by an optician. We have also seen, with Antares

being a good example, that single-potnt diamond turning allows the manufacture

of geometries and scales that might be unthinkable if conventional manufactur-

ing were to be used. As single-point diamond turning continues to improve in

quality, machined optics will find application at shorter and shorter wave-

lengths. A whole ne~ formalism to describe manufacturing errors in terms

meaningful to the machinist will have to be developed. Similarly, as de-

signers learn to take advantage of.the design freedoms available from single-

point diamond turning, systems will begin to incorporate more non-circular

elements. it will rapidly be appreciated that t$e standard seidsl formalism

which assumes circular symmetry is of little, if any, use and new ways must be

devised to relate system performance to component quality. We hope that the

work done on AnLares will help surve as a beginning.


